Introduction
Introduction
Bilirubin is well-recognized marker of hepatic dysfunction in intensive care unit (ICU) patients. Multiple organ failure often complicates acute respiratory distress syndrome (ARDS) evolution and is associated with high mortality. The effect of early hepatic dysfunction on ARDS mortality has been poorly investigated. We evaluated the incidence and the prognostic significance of increased serum bilirubin levels in the initial phase of ARDS.
Methods
The data of 805 patients with ARDS were retrospectively analysed. This population was extracted from two recent multicenter, prospective and randomised trials. Patients presenting with ARDS with a ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen < 150 mmHg measured with a PEEP 5 cm of water were included. The total serum bilirubin was measured at inclusion and at days 2, 4, 7 and 14. The primary objective was to analyse the bilirubin at inclusion according to the 90-day mortality rate.
Introduction
Over the last 20 years, our understanding of the risk factors and the mechanisms of acute lung injury has improved. However, acute respiratory distress syndrome (ARDS) is still associated with a high mortality rate, especially for the most severe forms of ARDS [1, 2] . Some strategies have been shown to improve the outcome, such as the use of a reduced tidal volume, the use of prone positioning [3] and when neuromuscular blocking agents (NMBA) [4] are administered to the most severely hypoxaemic patients. It is well-known that ARDS evolution is commonly associated with the progressive apparition of other organ failures. Mortality is finally mainly related to these associated organ failures whereas refractory hypoxaemia is uncommon in late deaths. Among these organ failures, hepatic dysfunction complicating ARDS has been poorly studied. It is generally acknowledged that such organ failure results from the association of hypoperfusion, hypoxaemia and passive congestion of the liver. Some studies have shown a relationship between hepatic dysfunction and poor outcome in critically ill patients [5] [6] [7] [8] . Bilirubin is recognized as a stable and powerful marker of hepatic dysfunction and is used in scoring algorithms to assess the prognosis in critically ill patients and/or to predict the mortality risk in patients with ARDS [9] [10] [11] [12] . Only few studies have been performed in ARDS patients regarding liver function. In a series of 88 patients, Fowler et al. [13] did not report a difference in mortality between the nine ARDS patients with liver failure and the 79 patients without liver failure. In a small series of 22 patients dying more than 72 hours after the onset of ARDS, a severe hepatic dysfunction was reported as an indirect cause of death in four of them [14] . In 1989, Schwartz et al. [15] reported that bilirubin was higher early in the course of ARDS in nonsurvivors than in survivors in a series of 24 patients. All these studies included less than 100 patients and, much more importantly, were performed prior to the lung protective mechanical ventilation strategy era. The main objective of this study was to investigate the prognostic significance of an early hepatic dysfunction assessed by bilirubin in a cohort of moderate to severe ARDS patients included in two randomized controlled trials in which a strict and well-defined lung protective mechanical ventilation strategy was used.
Patients and Methods

Patients
The data were extracted from two multicenter, prospective, randomized controlled studies that evaluated the effect of prone positioning and neuromuscular blockers on 90-day mortality rate in moderate/severe ARDS patients (PROSEVA [3] and ACURASYS [4] ) to the fraction of the inspired oxygen (FiO 2 ) (P/F ratio) was less than 150 mmHg, evaluated with a PEEP of at least 5 cm H 2 O and a tidal volume of 6 to 8 ml per kilogram of predicted body weight. The non-inclusion criteria were age younger than 18 years, lack of consent, known pregnancy, enrollment in another trial within the previous 30 days, increased intracranial pressure, severe chronic respiratory disease requiring long-term oxygen therapy or mechanical ventilation at home, pneumothorax, and decision to withhold life-sustaining treatment. Specific non-inclusion criteria in the ACURASYS study [4] were continuous infusion of a neuromuscular blocking agent at enrollment, actual body weight exceeding 1 kg per centimeter of height, severe chronic liver disease (Child-Pugh class C), bone marrow transplantation or chemotherapy-induced neutropenia, expected duration of mechanical ventilation of less than 48 hours, and time window missed. Specific non-inclusion criteria in the PROSEVA study [3] were massive hemoptysis requiring an immediate surgical or interventional radiology procedure, tracheal surgery or sternotomy during the previous 15 days, serious facial trauma or facial surgery during the previous 15 days, deep venous thrombosis treated for less than 2 days, cardiac pacemaker inserted in the last 2 days, unstable spine, femur, or pelvic fractures, mean arterial pressure lower than 65 mm Hg, inhaled nitric oxide, almitrine bismesylate prone position or extracorporeal membrane oxygenation (ECMO) use before inclusion, lung transplantation, burns on more than 20% of the body surface, underlying disease with a life expectancy of less than one year, non-invasive ventilation delivered for more than 24 hours before inclusion, prone positioning before inclusion. As extensively stated in the original articles (PROSEVA [3] and ACURASYS [4] ), a rigorous lung-protective strategy was applied in all of the patients, with well-defined and similar oxygenation goals.
Data collection
At the time of admission, the following parameters were recorded: age, sex, Simplified Acute Physiology Score (SAPS) II [10] , Sepsis-related Organ Failure Assessment (SOFA) score [12] , reason for admission to the ICU (medical, elective surgery or emergency surgery) and the total bilirubin and creatinine blood levels. On inclusion, the main cause of ARDS, time from intubation to randomization, ventilator settings including the plateau pressure, P/F ratio, SOFA score (with its components), arterial blood gases, arterial blood lactate level, platelets count, and total bilirubin and creatinine blood levels were recorded. The total serum bilirubin was also measured at days 2, 4, 7 and 14.
Main outcomes evaluated
The main objective of the study was to determine whether early hepatic dysfunction evaluated by the measurement of bilirubin on inclusion was associated with the 90-day mortality rate.
The secondary endpoints were the 28-day mortality rate, the time to be weaned from mechanical ventilation and the number of ventilator-free days until day 90 according to the presence or not of an early hepatic dysfunction.
Definition
Hepatic dysfunction was defined as a serum bilirubin 33 μmol/L (a SOFA hepatic subscore 2).
Statistical analysis
If not mentioned, the data are expressed as the means with standard deviation for the continuous variables and as the number and percentages for the categorical variables. The survivors and non-survivors were first compared using a univariate analysis (a chi-square test or Student's t-test). A multivariate logistic Cox analysis was then performed to determine whether an increased bilirubin level was independently associated with the 90-day mortality in the ARDS patients. A post-hoc analysis was done regarding day-90 mortality according to the tertiles of Pa2/FiO2 and bilirubin at inclusion (population divided into three groups from the lowest value to the highest one, each containing a third of the population). All of the variables with a p value < 0.10 were included in the model after excluding the presence of a collinearity. The patient survival by inclusion of the serum level of bilirubin classified according to the SOFA score classes for hepatic sub-score was analysed by the Kaplan-Meier method and compared with the covariance matrix for log-rank statistics (The LIFETEST Procedure of SAS System, NC, USA). If not mentioned, the statistical analysis was conducted using SPSS, version 20.0 (NY, USA). Table 1 shows the baseline characteristics of the 805 included patients. Most of the patients were admitted for a medical reason (n = 666, 83%). The main cause of ARDS was infectious pneumonia (n = 475, 59%). The mean time between the ICU admission and inclusion was 2.2 ±3.0 days. The patients were severely hypoxaemic on inclusion, with a P/F ratio of 107±31 mmHg. The serum bilirubin on inclusion was 26±43 μmol/L (S1 file). The incidence of early hepatic dysfunction was therefore of 17.6% (n = 142). The 90-day mortality rate of the entire cohort was 33.8% (n = 272). Concerning other important outcomes, the overall 28-day mortality was 25.6% (n = 206). The duration of mechanical ventilation was 18.5±16.7 days for the entire cohort. The number of ventilator-free days to day 90 for the entire population was 61.5 ±28.8 days.
Results
Characteristics of the patients
Evolution of bilirubin
The changes in the serum bilirubin levels in the survivors and non-survivors are presented in Fig 1. The serum bilirubin levels in the non-survivors were persistently higher than in the survivors from inclusion to the end of the observational period (p<0.0001). When the effect of prone positioning was evaluated in the group of patients included in the PROSEVA study, there was no effect of this strategy on bilirubin levels (data not shown).
Early hepatic dysfunction and outcomes
A Kaplan-Meier survival analysis shows that the patients with a serum bilirubin 33 μmol/ L on inclusion had a significantly lower survival rate than did patients with serum bilirubin level < 33 μmol/L (Fig 2) . Using this threshold, sensitivity to predict death at day 90 was low (27%, 95% confidence interval from 22% to 33%), as positive predictive value (52%, 95% confidence interval from 44% to 60%). In contrast specificity was good (87%, 95% confidence interval from 84% to 90%). Negative predictive value was 70% (95% confidence interval from 66% to 74%). The 90-day mortality rate was 29.9% (n = 198) for the patients without hepatic dysfunction and 52.1% (n = 74) for the patients with hepatic dysfunction (p<0.0001). The mortality at day 28 was 22.2% (n = 147) for the patients without early hepatic dysfunction and 41.5% (n = 59) for those with early hepatic dysfunction (p<0.0001). The duration of mechanical ventilation was 18.7±15.9 days for the patients without early 
Factors associated with death at day 90
Univariate analysis. As shown in Table 1 , the deceased patients were older and had higher SOFA and SAPS II scores at admission. The serum bilirubin was higher in the non-survivors than in the survivors at admission and upon inclusion ( Table 1 ). The non-survivors had also a lower arterial pH level and higher serum lactate levels. The hepatic, cardiovascular, renal and coagulation components of the SOFA score on inclusion were higher in the non-survivors than in the survivors. In contrast, there were no significant differences between the survivors and non-survivors regarding the principal cause of ARDS, the mechanical ventilation parameters and the P/F ratio. There was no correlation between PaO2/FiO2 ratio and bilirubin on inclusion (data not shown). As expressed in Table 2 , day-90 mortality increased when bilirubin increased, while it remained unchanged even for the 33% of the patients exhibiting the most profound hypoxaemia (1 st tertile). Multivariate analysis. The following variables on inclusion were included in the Cox model: age, the hepatic SOFA score, the cardiovascular SOFA score, the renal SOFA score, the coagulation SOFA score, the arterial pH level and the plateau pressure. Three variables (PaCO 2 , creatinine and the arterial lactate levels) were discarded because they presented collinearity. As shown in Table 3 , the multivariate Cox regression analysis identified the age, the hepatic SOFA score, the coagulation SOFA score, the arterial pH level, and the plateau pressure as being independently associated with 90-day mortality in patients with ARDS. A bilirubin of 33 μmol/L or more is independently associated with 90-day mortality (Hazard ratio 2.32; 95% confidence interval from 1.74 to 3.09; p <0.0001). 
Discussion
The results of the present study suggested that the presence of a hepatic dysfunction during the first 48-h period of moderate-to-severe ARDS is strongly associated with the outcome. Despite a better understanding of the pathophysiology of lung injury and improved management of patients with ARDS, the mortality rate remains high. It is generally admitted that the deaths occurring early in the course of ARDS are mainly associated with a refractory hypoxemia, late deaths being associated with a progressive multiple organ failure. The results of the present study suggested that organs other than lung are also injured early in the course of ARDS. It also indicated that early liver dysfunction and not kidney dysfunction is independently associated with death in ARDS patients ventilated according to a protective ventilation strategy. Few studies have suggested that serum bilirubin could be an early and sensitive biomarker of ARDS development and mortality in sepsis. In 1989, Schwartz et al. [15] reported that the serum bilirubin level was significantly lower in survivors than in non-survivors on the first day of ARDS in 24 ARDS patients. In this latter series [15] , mortality was high at 58% and patients were ventilated on inclusion with a low PEEP level. Interestingly, neither oxygenation nor renal function differentiated survivors from non-survivors [15] . More recently Zhai et al. [8] showed that increased bilirubin on admission was associated with a higher day-60 mortality rate in a selected population of sepsis-related ARDS patients from a single-center study. The same group confirmed that admission bilirubin was independently associated with ARDS mortality [7] . There was no information regarding the treatment of ARDS (mechanical ventilation mode, prone positon, PEEP strategy, tidal volume) [7] . These results suggest that increased serum bilirubin on ICU admission could also be a good surrogate of mortality in ARDS patients. However, the present study is to the best of our knowledge the first to show that serum bilirubin evaluated on ARDS onset is associated with day-90 mortality in a series of patients ventilated according to a lung protective ventilation strategy and included in interventional trials using well-defined oxygenation goals and criteria of severe ARDS with a P/F ratio lower than 150. Additional studies have investigated the incidence of liver dysfunction and its effect on the outcome of critically ill patients [5, 6, 16] . Finally, liver failure occurs frequently during the ICU stay [16] and is strongly related to ICU mortality [5] .
From a physiopathological point of view, ARDS is associated with an increased microvascular permeability resulting in pulmonary edema. This microvascular injury could also involve the hepatic microvascular circulation [17] [18] [19] . The hepatic damages appear to be granulocyte mediated, as described in the lung [20] . Liver dysfunction might result from vascular damage and/or edema. Liver injury can be implied in the development of other organ failures (such as the lung) and subsequent mortality. Hepatocellular damage could increase the hepatic synthesis of a substance that potentiates acute lung injury or interferes with other organs functions. Bilirubin is able to induce inflammation, apoptosis and oxidative stress [21] [22] [23] [24] [25] [26] [27] . Bilirubin at high levels could be therefore an active participant in the maintenance of ARDS and its related worse outcome.
In patients with ARDS in the prone position, we wondered whether this position could have an effect on the hepato-splanchnic circulation. We compared the serum bilirubin levels in patients with ARDS in the prone and supine position only in the patients included in the PRO-SEVA study. Indeed, the use of prone positioning in the ACURASYS study was left to the discretion of the clinicians. We found that there was no significant difference between the groups in the PROSEVA study (data not shown), which is in agreement with the study of Matejovic et al. [28] , who showed in a small series of 11 patients with acute lung injury that prone positioning did not affect the intra-abdominal pressure or the hepato-splanchnic blood flow nor splanchnic oxygen consumption. We cannot exclude the fact that some drugs could have altered the bilirubin levels of patients included in the present study. However, Brienza et al. [29] showed no deleterious effects of 17 potentially hepatotoxic drugs when administered to ICU patients. The increase of the bilirubin level at admission in this study could be explained by the use of vasopressors as well. The principal response of the hepatic vascular bed to catecholamines is vasoconstriction [30, 31] . Norepinephrine and epinephrine divert blood flow from the mesenteric circulation and decrease the microcirculatory blood flow in the gastrointestinal tract, despite increasing perfusion pressure and systemic blood flow in experimental sepsis [32] . However, we did not identify any difference regarding vasopressor use in this study, as assessed by the SOFA score. While bilirubin is usually measured to investigate liver function in ICU patients, it has been recently suggested that this diagnostic approach could underestimate the problem [17] . In contrast plasma bile acids measurement seems attractive in sepsis by early indicating liver dysfunction and by presenting a higher sensitivity and specificity as compared with bilirubin in predicting death at day 28 [33] . However, more clinical investigations are needed to confirm these results. In the present study, no other parameter was evaluated in order to assess liver function.
Conclusion
Hepatic dysfunction is observed early in the course of ARDS patients and is associated with the 90-day mortality rate. Future research are needed to elucidate the potential pathogenic role of bilirubin in ARDS.
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